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This thesis presents a correlation analysis of the spatial distribution and 
permeability of magnesite dissolution and focuses on its overall rate and average porosity. 
Magnesite dissolution is affected by several aspects. 
A reservoir’s large spatial distribution can make capturing the magnesite 
dissolution difficult, so in this study, a variogram was built in Petrel using a percentage 
variation of magnesite and sand. The variogram also handles different major and minor 
directions in anisotropy. After building the magnesite model, simulation of magnesite 
dissolution was achieved in Cruch Flow to get the magnesite dissolution rate and average 
porosity.  
For correlation analysis, a regression model was used to build a linear relationship 
in the correlation analysis. Areas of study included major anisotropy, permeability, minor 
anisotropy, and percentage of magnesite with dissolution rate and average porosity. The 
mean of all data was calculated with 95% confidence intervals, and the original data were 
judged at almost normal value. Finally, correlation analysis included all independent 
variance with dissolution rate and average porosity.  
From all analysis, can find the most important parameter is the percentage of 
magnesite and sand, next is the major and minor anisotropy, and permeability of magnesite 
and sand weakest. For a percentage of magnesite has positive correlation with overall rate 
and average porosity, major anisotropy and permeability have a positive correlation with 
overall rate and negative correlation with porosity, minor anisotropy has both negative 





I would like to express my sincere gratitude to my advisor, Dr. Peyman Heidari, for 
his guidance, patience, and support. I could not reach to anything without his continuous 
support. It has been an honor to be his student. I would also like to thank my committee 
members Dr. Baojun Bai and Dr. Mingzhen Wei.  
Also, I want to send my appreciation to all of my colleagues: Hasan Al-Saedi, 
Hector Donoso, Mahta Ansari, Kelsi Leverett, Sameer Salasakar, and Pu Han for their help 
and teamwork. 




TABLE OF CONTENTS 
Page 
ABSTRACT ....................................................................................................................... iii 
ACKNOWLEDGMENTS ................................................................................................. iv 
LIST OF ILLUSTRATIONS ............................................................................................ vii 
LIST OF TABLES .............................................................................................................. x 
NOMENCLATURE .......................................................................................................... xi 
SECTION 
1. INTRODUCTION .......................................................................................................... 1 
2. LITERATURE REVIEW ............................................................................................... 3 
2.1. MAGNESITE DISSOLUTION .......................................................................... 3 
2.2. VARIOGRAM .................................................................................................. 11 
2.3. GLOBAL SENSITIVITY ANALYSIS ............................................................ 21 
2.4. OBJECTIVE ..................................................................................................... 23 
3. METHODOLOGY ....................................................................................................... 24 
3.1. REACTIVE TRANSPORT .............................................................................. 24 
3.2. NUMERCIAL SIMULATION ......................................................................... 24 
3.3. VARIOGRAM IN PETREL ............................................................................. 26 
3.4. REGRESSION ANALYSIS ............................................................................. 27 
4. RESULT AND DISCUSSION ..................................................................................... 29 
4.1. BASIC PARAMETERS RESULTS ................................................................. 29 
       4.1.1. Percentage ............................................................................................... 29 
       4.1.2. Permeability ............................................................................................ 33 
vi 
       4.1.3. Major Anisotropy .................................................................................... 38 
       4.1.4. Minor Anisotropy.................................................................................... 42 
4.2. BASIC PARAMETER REGRESSION ANALYSIS ....................................... 46 
              4.2.1. Percentage Regression Analysis ............................................................. 47 
       4.2.2. Permeability Regression Analysis .......................................................... 50 
       4.2.3. Major Anisotropy Regression Analysis .................................................. 52 
       4.2.4. Minor Anisotropy Regression Analysis. ................................................. 54 
       4.2.5. Mean and Confidence ............................................................................. 56 
4.3. ANALYSIS OF VARIANCE ........................................................................... 60 
5. CONCLUSIONS AND RECOMMENDATIONS ....................................................... 65 
BIBLIOGRAPHY ............................................................................................................. 67 
VITA  ................................................................................................................................ 73 
  
vii 
LIST OF ILLUSTRATIONS 
                                         Page 
Figure 2.1. Photomicrographs of calcite dissolution of the same area at 25。C, after  
                 (a) 0 h, (b) 0.5 h, (c) 1.5 h, (d) 3 h, (e) 11 h, and (f) 17.5 h total dissolution 
                 time (Brantley, Bandstra et al. 2008) ................................................................ 3 
 
Figure 2.2  SEM photomicrographs of natural magnesite ore (Raza and Zafar 2013) ...... 5 
Figure 2.3. Three different types of heterogeneity (Darrouzet-Nardi 2010) ..................... 9 
Figure 2.4. Magnesite log (rate) vs. pH and the curve is calculated without the  
                  influence of Pco2 Magnesite B is MgCO3  (Chou, Garrels et al. 1989) .......... 10 
 
Figure 2.5. Schematic stands for two column with different spatial distribution. The  
                  the color of Magnesite is black and quartz is white.  
                  (Salehikhoo, Li et al. 2013)............................................................................ 11 
 
Figure 2.6. The size of four types of reservoir heterogeneity .......................................... 12 
Figure 2.7. Semi-variogram (Journel and Deutsch 1998)  ............................................... 16 
Figure 2.8. Semi-variogram schematiac (Bohling 2005) ................................................. 17 
Figure 2.9. Three types of variogram models (Bohling 2005) ........................................ 19 
Figure 2.10. Geometric anisotropy (Bohling 2005)  ........................................................ 20 
Figure 2.11. Directional ranges: two-dimensional case (Manto 2005)  ........................... 21 
Figure 2.12. Three relationships of regression model (Norusis 2006)  ........................... 22 
Figure 3.1. Geometry of the model used in the simulation .............................................. 25 
Figure 3.2. Workflow for regression analysis .................................................................. 28 
Figure 4.1. 2D spatial profiles of different percentage of magnesite (a)-(d) show  
                  spatial distribution of mineral, (e)-(h) show magnesite dissolution rate,  
                  and (i)-(l) are saturation index of pore solution.  ........................................... 30 
 
Figure 4.2. Concentration of Mg++ in different percentages of magnesite  .................... 31 
Figure 4.3. pH value according to different percentages of magnesite ........................... 32 
  
viii 
Figure 4.4. Average porosity in different percentages of magnesite ............................... 32 
Figure 4.5. Overall rate in different percentages of magnesite ........................................ 33 
Figure 4.6. 2D spatial profiles of different permeability of magnesite: (a)–(c) represent  
                   the spatial distribution of minerals (Mg is shown as red and sand as yellow); 
                   (d)–(f) shows the magnesite dissolution rate; (g)–(i) shows saturation index  
                   of pore solution.  ........................................................................................... 35 
 
Figure 4.7. Concentration of Mg++ at different permeability levels of magnesite ......... 36 
Figure 4.8. pH value at different permeability levels of magnesite ................................. 36 
Figure 4.9. Average porosity at different permeability levels ......................................... 37 
Figure 4.10. Overall rate of different permeability .......................................................... 37 
Figure 4.11. (a)–(d) shows 2D spatial proportions of magnesite and sand; (e)–(h)  
                    shows the magnesite dissolution rate; (i)–(l) represents saturation 
                    indices of pore solution ................................................................................ 39 
 
Figure 4.12. Concentration of Mg2+ in different major anisotropy ................................ 40 
Figure 4.13. pH value in different major anisotropy ....................................................... 40 
Figure 4.14. Average porosity in different major anisotropy .......................................... 41 
Figure 4.15. Overall rate in different major anisotropy ................................................... 41 
Figure 4.16 2D spatial profiles of different minor anisotropy of magnesite: (a)-(d)  
                    show spatial distribution of mineral;(e)-(h) show magnesite dissolution  
                    rate, and (i)-(l) represent saturation indices of pore solution.  ..................... 43 
Figure 4.17. Concentration of Mg2+ in different minor anisotropy ................................ 44 
Figure 4.18. pH Value in different minor anisotropy ...................................................... 45 
Figure 4.19. Average porosity in different minor anisotropy .......................................... 45 
Figure 4.20. Overall rate in different minor anisotropy ................................................... 46 
Figure 4.21. Rate plot of regression analysis of partial data of different percentage  
                     of magnesite  ............................................................................................... 47 
 
Figure 4.22. Porosity plot of regression analysis of partial data of different percentages 




Figure 4.23. Regression analysis of total data of relationship between different  
                    percentages of magnesite and overall rate  .................................................. 49 
 
Figure 4.24. Regression analysis of total data of relationship between different  
                    percentages of magnesite and average porosity ........................................... 49 
  
Figure 4.25. Regression analysis of total data of the relationship between the  
                     the different permeability levels of sand and overall rate ........................... 50 
 
Figure 4.26. Regression analysis of total data of the relationship between the  
                     the different permeability levels of sand and average porosity .................. 51 
 
Figure 4.27. Regression analysis of total data of the relationship between the  
                     different permeability of magnesite and average porosity. ......................... 52 
 
Figure 4.28. Regression analysis of partial data of relationship between different  
                    major anisotropy of magnesite and overall rate ........................................... 53 
 
Figure 4.29. Regression analysis of partial data of relationship between different  
                    major anisotropy of magnesite and average porosity .................................. 53  
 
Figure 4.30. Regression analysis of total data of relationship between different  
                     major anisotropy of magnesite and average porosity ................................. 54 
 
Figure 4.31. Regression analysis of partial data of relationship between different 
                    minor anisotropy of magnesite and average porosity .................................. 55 
 
Figure 4.32. Regression analysis of total data of relationship between different  
                     minor anisotropy of magnesite and overall rate .......................................... 55 
 
Figure 4.33. Regression analysis of total data of relationship between different  
                    minor anisotropy of magnesite and average porosity .................................. 56 
 
Figure 4.34. Mean and confidence of percentage and average porosity .......................... 57 
Figure 4.35. Mean and confidence of percentage and overall rate .................................. 57 
Figure 4.36. Mean and confidence of major anisotropy and average porosity ................ 58 
Figure 4.37. Mean and confidence of major anisotropy and overall rate ........................ 59 
Figure 4.38. Mean and confidence of minor anisotropy and average porosity................ 59 




LIST OF TABLES 
               Page 
Table 2.1. The equation for five common models (Bohling 2005)  ................................ 18 
Table 3.1. Initial and inlet conditions .............................................................................. 25 
Table 3.2. Variogram in Petrel parameters ...................................................................... 26 
Table 4.1. The parameters of the different percentage of magnesite ............................... 30 
Table 4.2. Parameter of different permeability for three cases ........................................ 34 
Table 4.3. The parameter of different major anisotropy .................................................. 38 
Table 4.4. The parameter of different minor anisotropy .................................................. 42 
Table 4.5. Permeability for all cases ................................................................................ 50 
Table 4.6. Multivariate parameter for regression analysis of same permeability ............ 61 
Table 4.7. Multivariate parameter for regression analysis of 10kmg = ksand ................ 62 
Table 4.8. Multivariate parameter for regression analysis of kmg = 10ksand ................ 63 




Symbol Description         
 
k1, k2, k3             Reaction rate constants for magnesite dissolution (mol/m2/s)  
IAP                 Ion activity product  
Keq                  Equilibrium constant 
RMgCO3            Dissolution rate of magnesite (mol/s)  
𝑅𝑓                     Forward direction of dissolution rate 
∅𝑎𝑣𝑔                 Average porosity 
𝑉𝑀𝑔                  Total volume of magnesite 
?̅?                      Mean of data 
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∁(?⃑? )                Theoretical covariance 
𝜎                      Standard deviation 
𝜎2                    Variance 
𝛾(ℎ)                Semivariogram 
 𝛼𝑚𝑎𝑥              Major range of the anisotropy 
𝛼𝑚𝑖𝑛               Minor range of the anisotropy 
𝛽1                    Coefficients 
v                 Flow velocity (m/d) 
  
1. INTRODUCTION 
Mineral dissolution is a widespread phenomenon. It can lead to changing reservoir 
properties during mineral dissolution reaction. It can also affect the chemical on fluid-rock-
gas interaction (Hamzaoui-Azaza, Ketata et al. 2011, Zhu, Murali et al. 2011). Although 
magnesite dissolution is not as common as calcite and dolomite dissolution (Chou, Garrels 
et al. 1989), it is important for understanding the earth system formation.   
Magnesite dissolution rate in laboratory and field has a big difference. Mainly 
reasons lead to this result is we cannot capture the effect of surface area and pore media of 
heterogeneity. Minerals generated in nature, so minerals have a various spatial pattern. 
Because grain size is different in a different area, and the complexity of the natural pore 
media itself on reaction rate and transport (Schott, Brantley et al. 1989), so the effect of 
surface area is difficult to capture up.  
From studies, we knew spatial distribution influences heterogeneity (Li, Li et al. 
2007, Molins, Trebotich et al. 2012). Magnesite dissolution heterogeneity will either be 
physical or chemical. Physical heterogeneity is usually due to flow and transport processes 
(Gronowitz, Mellström et al. 2006, Li, Peters et al. 2007). Chemical heterogeneity is due 
to mineral’s spatially difference in porous media.  
To getting more information about magnesite dissolution, using simulation is very 
effective. However, magnesite dissolution also has a number of characteristics such as pH 
value, temperature, porosity, and permeability, which can influence the dissolution rate.  
This thesis is focused on correlation analysis between spatial distribution and 
permeability with magnesite dissolution overall rate and average porosity. A natural 
reservoir has a large amount of spatial distribution, which cannot be captured. However, 
  
2 
simulation allows us to show magnesite dissolution in a natural reservoir. A variogram was 
built in Petrel to determine variations in magnesite and sand percentages. The variogram 
also dealt with different major and minor direction anisotropy. Then simulation shows 
magnesite dissolution in Crunch Flow. For discussing the linear relationship between 
spatial distributions and permeability with the magnesite dissolution overall rate and 
average porosity, we built a regression model for global sensitivity analysis. The spatial 
distribution uses a variogram reservoir, and permeability was determined according to 







2. LITERATURE REVIEW 
2.1. MAGNESITE DISSOLUTION 
Minerals dissolution: The minerals dissolution refers to chemical processes; it’s 
important for understanding the earth system formation and its aspects such as atmospheric 
chemistry, soil, and the environment. Mineral dissolution reactions have been widely 
investigated in laboratory work and in the field. The Figure 2.1. shows calcite dissolution 





Figure 2.1. Photomicrographs of calcite dissolution of the same area at 25。C, after (a) 0 
h, (b) 0.5 h, (c) 1.5 h, (d) 3 h, (e) 11 h, and (f) 17.5 h total dissolution time (Brantley, 
Bandstra et al. 2008) 
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  Minerals dissolution studies began in the late 19𝑡ℎ century. Boguski was the first 
to show the rate of marble solution as proportional to the molar concentration of acid used 
as solute (Boguski 1876). His research was followed by research dedicated to linking the 
dissolution rate with diffusion theory. In the 1920’s, scientists found that the carbonic acid 
diffusion rate on marble surfaces influences dissolution rates. The diffusion rate was also 
found to be dependent on pH value (Faurholt 1924). After that, researchers began looking 
for relationships between saturation parameter, viscosity of solute, and diffusion rate with 
dissolution rate. 
 In the 1960s, Berner proposed ion activity products (IAP’S). The quoted study 
experimentally identified IAP in calcite and dolomite. Studies in the 1970s defined more 
parameters such as pH range, temperature, and overall reaction. 
In 1976, Plummer et al. mentioned an equation of dissolution rate, and it has been 
widely utilized. The dissolution rate was expressed as(Plummer and Wigley 1976): 
𝑅𝑓 = 𝑘1 ∗ 𝑎𝐻  + 𝑘2 ∗ 𝑎𝐻2𝐶𝑂3  + 𝑘3 ∗ 𝑎𝐻2𝑂 (1) 
Where 𝑅𝑓 stands for forward direction of dissolution rate, 𝑘1, 𝑘2, and  𝑘3 are rate 
constants, 𝑎𝑖 activity of the subscript species. 
Afterwards, scientists focused on the flow through porous media model and 
development of reactive flow modeling (Murphy and Cummins 1989). This model is for 
steady-state flow with one dimensional, one component and homogeneous systems.  
However, homogeneous systems are idealized theoretical systems and are actually 
nonexistent in the reservoir. Hence, investigation of natural reservoir’s homogeneity has 
been approached on different scales (Bagheri and Settari 2006). 
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During the past decade, studies have focused on spatial heterogeneity of mineral 
dissolution, such as flow velocity, reaction scale, and spatial distribution. 
Magnesite dissolution in Laboratory and field studies: Now a great number of 
magnesite studies occur (Figure 2.2. SEM image of magnesite ore) attaining dissolution 
rates in laboratory and field. In total, the laboratory dissolution work’s magnitude is greater 
than that observed in the field with a ratio of two to five (White and Brantley 2003, Maher 








Major differences between lab and field studies have to do with secondary mineral 
precipitation (Alekseyev, Medvedeva et al. 1997, Nugent, Brantley et al. 1998); effect of 
surface area in dissolution reactions (Swoboda-Colberg and Drever 1993), and residence 
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time of fluid (Maher 2010). Of these three areas of study, surface area dissolution reactions 
are usually the most valued.  
When all conditions of laboratory and field are the same, laboratory magnesite 
dissolution rate will be 200~400 times faster than that in the field (Swoboda-Colberg and 
Drever 1993). In the past several years, scholars have used the AFM method to find the 
effect of surface area dissolution reactions and dissolution rate (Levenson 2013). Other 
studies proposed dissolution rate is influenced by the pore media of physical and chemical 
heterogeneity (Li, Peters et al. 2007, Molins, Trebotich et al. 2012). 
The reactive surface area is easy to understand, but it is difficult to assess because 
numerous factors affect it, such as mineral’s heterogeneity distribution and the age of 
minerals. In nature, the pore media mainly depends on the spatial distribution of minerals, 
the grain size of different areas, and the complexity of the natural pore media itself on 
reaction rate and transport (Devidal, Schott et al. 1997, Liu and Dreybrod 1997). 
Other researchers revealed that the concentration of fluid can influence the reactive 
surface area. This is because the effect of surface area decreases with the equilibration fluid 
through the pores.  The reason for the decrease in the effectiveness of the surface at 
equilibrium conditions is that some of the pores do not take part in the reaction (Brantley, 
Bandstra et al. 2008). 
Magnesite dissolution rate: Mineral dissolution applies to a mass of minerals such 
as dolomite, calcite, and aragonite. (Chou, Garrels et al. 1989) Magnesite dissolution is 
mineral dissolution. Numerous carbonate models have mentioned dissolution in acidic 
solution (Plummer and Wigley 1976, Sjöberg and Rickard 1984, Pokrovsky, Schott et al. 
1999). The magnesite dissolution is always occurring on the solid and water interface and 
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has three parallel reactions (Plummer, Wigley et al. 1978, Chou, Garrels et al. 1989, 
Wollast 1990): 
𝑀𝑔𝐶𝑂3 + 𝐻
+ ↔ 𝑀𝑔2+ + 𝐻𝐶𝑂3
−
(2) 
          𝑀𝑔𝐶𝑂3 + 𝐻2𝐶𝑂3 ↔ 𝑀𝑔
2+ + 𝐶𝑂3
2− (3) 
           𝑀𝑔𝐶𝑂3 ↔ 𝑀𝑔
2+ + 𝐶𝑂3
2−(4) 
Magnesite dissolution and crystallization rate are described by (Pokrovsky, Schott 
et al. 1999): 
𝑅𝑀𝑔𝐶𝑂3 = 𝑘1 ∗ 𝑎𝐻+  + 𝑘2 ∗ 𝑎𝐻2𝐶𝑂3  + 𝑘3 − 𝑘3 ∗ 𝑎𝑀𝑔2+ ∗ 𝑎𝐶𝑂32−     (5) 
According to Transition State Theory (TST), the magnesite dissolution rate also 
can be expressed as (Li, Salehikhoo et al. 2014): 
𝑅𝑀𝑔𝐶𝑂3 = (𝑘1 ∗ 𝑎𝐻+  + 𝑘2 ∗ 𝑎𝐻2𝐶𝑂3  + 𝑘3) ∗ 𝐴 ∗ (1 −
𝐼𝐴𝑃
𝐾𝑒𝑞
)       (6) 
𝐼𝐴𝑃𝑀𝑔𝐶𝑂3 = 𝑎𝑀𝑔2+ ∗ 𝑎𝐶𝑂32−     (7) 
where R represents the overall rate for magnesite, and 𝑘𝑖 are the rate constants of 
reactions (2)-(4), the unit is mol/𝑚2/s; and 𝑎𝑖 stands for the activities of aqueous species. 
A is the magnesite surface area, and the unit is 𝑚2/ 𝑚3 pore volume. IAP is the ion activity 
product of Eq. (4)  𝑎𝑀𝑔2+and𝑎𝐶𝑂32−, which is in (7). 𝐾𝑒𝑞 stands for equilibrium constant, 
which is also used to describe Eq. (4). So the 
𝐼𝐴𝑃
𝐾𝑒𝑞
 represents the distance from equilibrium. 
The value of the 
𝐼𝐴𝑃
𝐾𝑒𝑞
 between one and zero: at the beginning it is near to zero, and one is 
the function closest to equilibrium. 
Heterogeneity: In natural porous media, such as that found in oil and gas reservoirs, 
soil, and in the earth’s crust, heterogeneity refers to their common characteristics and is 
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categorized into three types: chemical, physical, and microbial. For magnesite dissolution, 
we focused on chemical and physical heterogeneity. 
Physical heterogeneity is influenced by porous media of spatial distribution, such 
as some physical properties: density, porosity, and permeability. A number of areas use 
physical heterogeneity, as in the case of enhanced oil recovery for petroleum reservoirs 
(Liu and Dreybrod 1997, Smith, Smith et al. 2005), and modeling of contaminant transport 
(Mousavi-Avval, Rafiee et al. 2011). 
Research has documented the flow velocity that can influence overall dissolution 
rates. Although at the same mineral spatial distribution, the flow has different overall 
dissolution rates due to different flow rates in the physical environment (Li, Peters et al. 
2007). For example, the intermediate flow regime usually has the lowest overall dissolution 
rates because this regime manages both reaction and transport.  
For chemical heterogeneity, we must consider mineral’s spatial difference in 
porous media. The variation of minerals has a different spatial distribution in the 
subsurface. In most papers, mineral dissolution rate separates into a different part when 
well mixed with no heterogeneity.  But recent studies using the modeling approach have 
minerals dissolve when exposed to chemical heterogeneity (Li, Peters et al. 2007, Molins, 
Trebotich et al. 2012).   
In those studies, with variation spatial scales, the overall dissolution rate is 
different. Figure 2.3. shows different heterogeneity where from left to right, the 
heterogeneity increases. So the different results in the mineral dissolution overall rate and 





Figure 2.3. Three different types of heterogeneity (Darrouzet-Nardi 2010) 
 
 
Factors affecting magnesite dissolution rate: For steady-state magnesite 
dissolution, the ambient temperature is 25℃, and the pH value is between 0.2 to 12 
(Lyuksyutov and Pokrovsky 1998, Pokrovsky 1998). When the pH value is lower than 5 it 
has a linear function with the magnesite dissolution rate (Chou, Garrels et al. 1989)in 
Figure 2.4., and the reaction rate of Eq. (4) is larger than reaction rate of Eqs (5) and (6). 
The pH value is higher than 5, and the reaction rate of Eq. (4) is smaller than the reaction 
rate of Eq. (5) and (6). 
Lots of factors affect the magnesite dissolution rate such as pH value, temperatures, 
and 𝑃𝑐𝑜2(Chou, Garrels et al. 1989). Spatial distribution, flow velocity, and porosity has 
always been able to influence dissolution (Salehikhoo, Li et al. 2013, Li, Salehikhoo et al. 
2014). Spatial distribution is important. For instance,  in the experiment result testing the 
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magnesite dissolution rate, the mix column was 14% higher than the one-zone column 




Figure 2.4 Magnesite log (rate) vs. pH and the curve is calculated without the influence 
of𝑃𝑐𝑜2. Magnesite B is 𝑀𝑔𝐶𝑂3  (Chou, Garrels et al. 1989) 
 
 
Excluding spatial distribution, other factors can affect the magnesite’s average 
porosity and permeable dispersivty. For example, the average porosity is the ratio of the 
sum of magnesite pore volume and another mineral’s pore volumn. If we have magnesite 
and quartz, the volume fraction of magnesite is higher with the average porosity∅𝑎𝑣𝑔  . (Li, 






    (8) 
In Eq. (8),  𝑉𝑜𝑡ℎ𝑒𝑟 is total volume of the other mineral, and 𝑉𝑀𝑔 is the volume of 




Figure 2.5 Schematic stands for two columns with different spatial distribution. The color 





Reservoir heterogeneity: Reservoir heterogeneity is used as a function of space of 
variation in reservoir properties (Webster and Oliver 1993, Journel and Deutsch 1998, 
Gringarten and Deutsch 2001, Manto 2005, Bear 2013). The reservoir properties usually 
contain: permeability, temperature, thickness, and porosity. As usual, we divide reservoir 
heterogeneity into four types: microscopic heterogeneity used to scale of porous medium; 
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macroscopic heterogeneity used to scale like core plugs and flow properties; megascopic 
heterogeneity used to scale the large grain block, also can use in field; gigascopic 
heterogeneity used to whole reservoir scale (Hewett and Behrens 1990). Figure 2.6 shows 




Figure 2.6 The size of four types of reservoir heterogeneity 
 
 
Most simulations are used at a macroscopic scale. Actually, the macroscopic scale 
is the porous medium summary of microscopic structure in a continuum (Bear 2013). This 
study also used the macroscopic scale for modeling. 
Geostatistics: Geostatistics is a branch of statistics and a method of description that 
can summarize the spatial relationship of the variables. It was first used by D.G. Krige in 
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the South African mining industry (Wackernagel 2013). Matheron developed Krige’s 
method and built a form to analyze and estimate spatial variables. 
Nowadays, geostatistics plays a part in several aspects such as interpolation and 
extrapolation, spatial distribution analysis,  risk analysis or uncertainty estimates, and use 
of intercorrelation attributes (Webster and Oliver 1993, Journel and Deutsch 1998, 
Wackernagel 2013). For spatial distribution analysis, geostatistics can give us a reservoir 
property in the spatial variable of the description of the quantitative relationship or the 
distance between two related variables. In addition, using geostatistics can give us several 
ways to estimate the value of uncertainties. It also benefits risk anaylsis.   
To use geostatistics involves three steps: (1) assumption of stationary, (2) modeling 
of spatial relationships, (3) estimations. The first step is above all for geostatistic anaylsis, 
it needs the model build for sample date where the region is stationary. Next step, in total 
is to build the model of sample data in a spatial relationship. But with distance increasing, 
the correlationship between data is decreasing. So we use a variogram to define a model 
using the description of related neighboring data to build a spatial relationship between two 
variables. Finally, estimation of variables at the unsampled location is achieved, which is 
also called kriging (Webster and Oliver 1993, Journel and Deutsch 1998, Wackernagel 
2013). Because of the different types of estimation, we use different krigings. Furthermore, 
kriging also can create several reservoir images, each of them with the same probability of 
existence and they can estimate uncertain relationships.  
Geostatistics has lots of advantages. For instance, using sample values infer to the 
value of unsampled locations, more comprehensively underatanding for sample values, 
provideing estimation errors for estimation value. But it also has some disadvantage, such 
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as for analysing needs subjective decision making for each step, it leads to the resluts 
maybe not objective.  
Geostatistic parameters: Geostatistics has a mass of elementary concepts. The most 
important of those are: mean, variance, expected value, and covariance. The “mean” is the 
average weight (value or score) of the data. Sometimes the “mean” has a problem, which 
means it is very easily influenced by outlier data. The equation for a mean value is below 





?̅? is stans for mean of data, and n is the total number of data, ∑𝑋 is equal to sum 
of all data. 
Variance is equal to the square of standard deviation and has the same meaning as 
standard deviation. The standardized variance is a measure of the distance between the data 
and the mean. It is very useful and something you read about when making a prediction or 
another statement about data. The standard deviation (10) equation and equation of 









    (11) 
𝑋 stands for the score for each point in the data. 𝑋 ̅ is the mean of score for the 
variable; the meaning of 𝑋 − 𝑋 ̅is the distance from the mean, and n is the sample size. 
            The expected value is the description of the expected return of the experiment. The 
equation of expected value follows (Journel and Deutsch 1998, Wackernagel 2013): 
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𝐸(𝑋) = 𝜇𝑋 = ∑ 𝑥𝑖
𝑛
𝑖−1 × 𝑃𝑖    (12) 
𝐸(𝑋) represents the expected value of X, and is the sum of the values by their 
respected probability.  𝑃𝑖 =𝑃(𝑋 = 𝑥𝑖) stands for probability as the value of X takes 𝑥𝑖. 
Covariance is used to describe spatial relationships. And for theoretical 
covariance ∁(?⃑? ) lies between two random variables 𝑋(?⃑? ) and 𝑋(?⃑? + ?⃑? ). If the covariance 
value is equal to zero, they are uncorrelated. The equation of covariance follows (Webster 
and Oliver 1993, Journel and Deutsch 1998, Wackernagel 2013): 
         ∁(?⃑? ) = ∁[𝑋(?⃑? ), 𝑋(?⃑? + ?⃑? )] = 𝐸[𝑋(?⃑? ), 𝑋(?⃑? + ?⃑? )] −  𝐸[𝑋(?⃑? + ?⃑? )]𝐸[𝑋(?⃑? )]     (13) 
The values of 𝑋(?⃑? ) and 𝑋(?⃑? + ?⃑? ) stand for variables at location ?⃑?  and ?⃑? + ?⃑?  . 
 Variogram: The variogram is the most common and widely used geostatistical 
technique; it is used to describe the spatial relationship between values of a parameter. 
Furthermore, for geostatistical reservoir characterization studies, over 90% are used 
variogram-based geostatistical methods. In total, the variogram is a description of the 
expected square difference for two different data values. The beginning variogram is zero, 
which increases with the lag distance for the two values. The variogram equation follows 
(Gringarten and Deutsch 2001) (Gringarten and Deutsch 2001): 
2𝛾(ℎ) =  𝐸[𝑌(𝑢) − 𝑌(𝑢 + ℎ)]     (14) 
Y represents a stationary random function; ℎ stands for a distance vector. We can 
also use a semivariogram 𝛾(ℎ), which is half of the variogram 2𝛾(ℎ). Figure 2.7 represents 
the semivariogram. When the distance line in the correlated area continues its upward 
bound movement until it reaches the sill, where its effective value or practical range can 





Figure 2.7. Semi-variogram (Journel and Deutsch 1998) 
 
 
In addition, the covariance and variogram also have a complementary relationship. 
which must be understood if the variogram is to be properly understood. Eq. (15) 
establishes some fundamental principles, which were laid down by (Gringarten and 
Deutsch 2001): 
𝛾(ℎ) = ∁(0) − ∁(h)     or    ∁(h) =  ∁(0) − 𝛾(ℎ)     (15) 
Variogram parameter: The variogram analysis has several parameters, which are 
important to constructing a variogram and for estimating the autocorrelation structure of 
the underlying stochastic process. The most popular variogram paradigm usually follows 
three parameters: sill, range, and nugget effect as shown in Figure 2.8.  
The nugget effect (𝜃0) is a micro-scale of pure random variation, which is also used 
to measure error and can usually be found in a state of discontinuity where 𝛾(ℎ) atℎ = 0. 
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Range represents the distance for the semivariogram at a constant and also stands for the 
distance wherein the data are no longer correlated. Figure 2.8  gives this range as 𝜃2. The 





Figure 2.8. Semi-variogram schematiac (Bohling 2005) 
 
 
Variogram model: The variogram model is one of two types: with sill or without 
sill. The models with sill contain a spherical model, exponential model, Gaussian model, 
and nugget model. The models without sill contain a linear model and a power model. The 
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most commonly studied models are those with sill (Warrick and Myers 1987, Gringarten 
and Deutsch 2001, Bohling 2005, Bear 2013). Table 2.1 is the equation for five popular 
models. ℎ represents lag distance, a represents range and c is the sill. 
 
 
Table 2.1. The equation for five common models (Bohling 2005) 
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𝑔(ℎ) = 𝑐 ∗ ℎ𝜔 with 0< 𝜔 < 2 
 
 
The spherical model characteristic achieves c, while the specified sill value at a 
represents a specified range. As for the exponential and Gaussian models, a can reach 95% 
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of the specified sill value (Journel and Deutsch 1998, Gringarten and Deutsch 2001, 
Bohling 2005, Bear 2013). At the beginning, the exponential and Gaussian trends are 
nearly linear. The three types of models are compared in Figure 2.9. 
 
 
             
Figure 2.9. Three types of variogram models (Bohling 2005) 
 
 
Variogram interpretation: The variogram interpretation contains: trend, cyclicity, 
geometric anisotropy, and zonal anisotropy. For this thesis, the most important variogram 
interpretation is geometric anisotropy. 
The variogram is anisotropic, and for the variogram’s two types of anisotropy: 
geometric anisotropy and zonal anisotropy (Jackson and Caldwell 1993, Journel and 
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Deutsch 1998, Gringarten and Deutsch 2001, Bear 2013). Geometric anisotropy exists 
within the range, and at the point shown in Figure 2.10 until it has to change in a different 




Figure 2.10. Geometric anisotropy (Bohling 2005) 
 
 
In a word, the geometric anisotropy in one direction correlation is bigger than when 
it is going in the other direction. In a two-dimensional range of direction, the distance 
between the center and the edge of the ellipse can be determined mathematically. 
 The picture of two dimensional geometric anisotropies as shown in Figure 2.11. 
gives 𝛼𝑚𝑎𝑥for ellipse as the major range of the anisotropy, and 𝛼𝑚𝑖𝑛  is the minor range of 




Figure 2.11. Directional ranges: two-dimensional case (Manto 2005) 
 
 
2.3. GLOBAL SENSITIVITY ANALYSIS 
Global sensitivity analysis is a great way to approach data analysis, and it applies 
to many types of research such as physics, behavioral science, business, and education 
(Wagner 1995). In the beginning, the methodological structure was simple. Today, we have 
more and more models to match different variable data. In total, global sensitivity analysis 
has several methods including eFAST, regression model, and Morris model (Wagner 1995, 
Saltelli, Ratto et al. 2008). This thesis presents and recommends the use of a regression 
model to analyze correlation ships. 
Regression analysis: For all statistical techniques, linear regression analysis is the 
most common. The regression model describes the relationship between one dependent 
variable and one or more independent variables. As usual, the response variable (Y) is a 
function of one or more driver variables (𝑋1, 𝑋2, 𝑋3, ⋯ , 𝑋𝑛) (Draper, Smith et al. 1966, 
Hair, Black et al. 2006): 
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𝑌 = 𝛽0 + 𝛽1 𝑋1 + 𝛽2 𝑋2 + 𝛽3 𝑋3 ⋯𝛽𝑛 𝑋𝑛 + 𝜀    (16) 
𝛽1,𝛽2 , ⋯ , 𝛽𝑛  as the coefficients also represent the  slopeless equation, and 𝜀 stands 
for random error term or residuals, while 𝛽0  represents the 𝑌 intercept. Except for  𝜀, the 
front part is a linear component (Fox 1997).  
The regression model always has two types: simple regression and multiple 
regression. If in regression analysis, only one driver variable is available, which is a simple 
regression. If the analysis has more than one driver variable and one response variable, it 
represents multiple regression. 
Figure 2.12 shows the variable relationship of the regression model where the first 
one (left) has a strong positive relationship, the middle one has a strong negative 









For magnesite dissolution spatial distribution studies, the laboratory has been a 
resource that is reliable and convenient, but the laboratory is limited to simulating the real 
reservoir. Hence, researchers will use protocols involving a variety of zones categorized as 
a mixed case, one-zone case, and four-zone case to simulate the core-to-magnesite 
dissolution. In this thesis, we used a Petrel software-derived variogram to simulate 
magnesite and obtain a great number of cases. In a variogram, we can set different 
percentages of the magnesites and sand, and we also can set the major or minor anisotropy. 
By using a variogram we were able to get more information about the spatial distribution 
influence on magnesite dissolution. 
Because we have many different variograms, we can simulate magnesite 
dissolution. After simulation, we can determine the rate, porosity, and breakthrough. With 
such a large database, we were able to do lots of analyses.  
To analyze the data, we focused on which parameters are sensitive to the overall 
rate and average porosity? We defined the relationship between parameters and built the 
regression model to correlation analysis, and found the relation equation between the 






3.1. REACTIVE TRANSPORT 
In magnesite dissolution lots of aqueous speciation reactions occur; hence, content 
will vary among the many species, which can include the following::𝑀𝑔2+,𝑀𝑔𝐻𝐶𝑂3
−,
𝑀𝑔𝐶𝑂3(𝑎𝑞), 𝐶𝑙
−,  𝐻2𝐶𝑂3, 𝐻𝐶𝑂3
−, 𝐶𝑂3
2−, 𝐻+, 𝑂𝐻−, 𝑁𝑎+, 𝐾+, 𝐵𝑟−. Some reactions are 
fast and some are slow depending on whether the species initiate the reaction as primary 
agents or react as secondary agents. In the magnesite dissolution, primary species 
are:𝑀𝑔2+, 𝐻𝐶𝑂3
−, 𝐻+, 𝑁𝑎+, 𝐾+, 𝐵𝑟− . All others are secondary species. For magnesite 
dissolution, the values of 𝑘1, 𝑘2, 𝑘3 in Eq. (6) are 2.5E-5, 6E-6, and 4.5E-10, respectively 
(Chou et al., 1989). 
 
3.2. NUMERCIAL SIMULATION 
CrunchFlow is a software for simulation, and it used to assist in planning 
geochemical system transport processes and modeling flow (Steefel and Lasaga 1994; 
Steefel 2009).  
Equations (2), (3), and (4) are used to simulate magnesite dissolution. The initial 
and inlet conditions for magnesite dissolution are shown in Table 3.1, and the simulation 







Table 3.1 Initial and inlet conditions 
Units Inlet Condition Initial conditions 
Temperature 25.0 25.0 
pH 4.0 8.0 
SiO2(aq) 1.0E-9 1.0E-9 
CO2(aq) 1.2581E-9 1.2581E-9 
Br- 1.00E-4 1.0E-7 
Na+ 1.0000E-3 1.0000E-3 
Ca++ 1.2581E-9 1.2581E-9 
Cl- 1.0000E-3 1.0000E-3 




Figure 3.1 Geometry of the model used in the simulation 
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3.3. VARIOGRAM IN PETREL 
The present variogram figure is created by Petrel. Petrel is a reservoir software 
used to build reservoir models, interpret seismic data, and perform well correlation 
(Gringarten and Deutsch 2001). For variogram setup, we first set up a method for facies 
as the sequential indicator simulation (Gslib). Other parameters for the variogram are 
shown in Table 3.2. Then for the variogram facies set, we used different percentages of 
magnesite and sand: 90% sand to 10% magnesite, 80% sand to 20% magnesite; 70% sand 
to 30% magnesite, 60% sand to 40% magnesite, and 50% sand to 50% magnesite. 
 
 





Variogram type Exponential 
Anisotropy range in major direction and 
minor direction 
1&1, 10&1, 10&10, 20&1, 20&10, 20&20, 
50&1, 50&10, 50&20, 50&50, 100&1, 
100&20, 100&50, 100&100 
Anisotropy range in vertical direction 2 
Major direction orientation for azimuth 0 




The final step was to run the variogram in different anisotropy ranges in major 
and minor directions 10 times and also run it with different percentages of magnesite and 
sand. The end result was 750 files for variogram. 
 
3.4.  REGRESSION ANALYSIS 
For this thesis, the author used MATLAB to do the multiple linear regression 
analysis. For regression models, the overall rate and average porosity were selected as 
dependent variables, and I chose the major anisotropy, minor anisotropy, magnesite 
percentage at initial interaction, and permeability of sand and magnesite as independent 
variables. 
The workflow is shown in Figure 3.2. For regression analysis, our first need was 
to convert the data form Excel to MATLAB. The next step was to delete the invalid 
data and outlier data. We analyzed the correlation among data and removed the non-
correlation data. Finally, we built a regression model and did regression analysis step by 





















4. RESULT AND DISCUSSION 
4.1. BASIC PARAMETER RESULTS 
The basic parameters contents: percentage of magnesite (sand), the permeability of 
magnesite and sand, the major anisotropy and minor anisotropy. There are very important 
for analysis magnesite dissolution rate.   
4.1.1. Percentage. The percentage of magnesite is an important parameter of 
dissolution rate. With magnesite percentage increasing, the dissolution rate also is 
increasing. 
  The following test called for picking up four cases from 2,250 cases to analyze 
different percentages of magnesite and sand to determine how the magnesite-to-sand ratio 
would affect the results of magnesite dissolution. Table 4.1 illustrates the basic condition 
of the 4 cases.    
Figure 4.1 (a)–(d) shows the four cases and the spatial distribution of magnesite 
and sand. From left to right, the percentage of magnesite increased as the percentage of 
sand decreased.  
Figure 4.1 (e)–(h) show the magnesite dissolution rate, with the black portion of 
the marker column recording the highest reaction rates. So comparing (e)–(h), left to 
right, tells us the lower percentage of magnesite had the highest reaction rate, while 
Figure 4.1 (i)–(l) showed the saturation index of the pore solution.  
A value of zero indicates an equilibrium condition. From left to right, the redder 
the zone the closer the mixture came to equilibrium conditions. So the higher percentage 
of magnesite had a higher saturation. 
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a 5 1.00E-12 1.00E-13 50 50 0.093475 
0.90652
5 
b 5 1.00E-12 1.00E-13 50 50 0.199 0.801 
c 5 1.00E-12 1.00E-13 50 50 0.39025 0.60975 




Figure 4.1 2D Spatial profiles of different percentage of magnesite: Images (a)–(d) show 
spatial distribution of mineral, (e)–(h) show magnesite dissolution rate, 
 and (i)–(l) show saturation index of pore solution. 
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For Figure 4.2, shows the concentration of Mg2+ in different percentages of 
magnesite. As the percentage of magnesite increases, the concentration of Mg2+ also 
increases, and it has a significant change from 10% to 20% and at 40%, but just a slight 
change from 40% to 50%.  
The same situation holds true in Figure4.3 where the pH value increases 
exponentially with different percentage increases of magnesite. 
 From Figure4.4, the average porosity increased with the percentage of magnesite 
increase, but the change was not significant. In Figure 4.5, the overall pore volume rate 

















Figure 4.5 Overall rate in different percentages of magnesite 
 
 
4.1.2. Permeability. The permeability of magnesite is a significant parameter of 
dissolution rate. With magnesite percentage increasing the dissolution rate also is 
decreasing. 
  The following represents three cases set apart for analysis according to different 
permeability levels of magnesite affecting the magnesite dissolution results. Table 4.2 
illustrates the basic condition of three cases. The tested elements were magnesite and 
sand. 
  Figure 4.6 (a)–(c) shows the three cases’ spatial distribution of magnesite and 
sand, as the same. Figures 4.6 (d)–(f) show the magnesite dissolution rate where the black 
part of the measuring column recorded the highest reaction rates.  
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The three figures are almost same in that the permeability did not change a lot of 
the magnesite dissolution rate.  
Figure 4.6 (g)–(i) show the saturation index of pore solution, where higher 
permeability of magnesite put the readings into a redder zone, indicating a closeness to 
equilibrium conditions. So the higher the permeability of magnesite, closer the results are 
to equilibrium. 
Figure 4.7, shows the concentration of Mg2+ in different permeability of 
magnesite and sand. With increases in the permeability of magnesite comes an increase in 
the concentration of Mg2+.  
. 
 


























a 5 1.00E-12 1.00E-13 50 50 0.093475 0.906525 
 
b 5 1.00E-13 1.00E-13 50 50 0.093475 0.906525 
 





Figure 4.6 2D spatial profiles of different permeability of magnesite: (a)–(c) represent the 
spatial distribution of minerals (Mg is shown as red and sand as yellow); (d)–(f) shows 
the magnesite dissolution rate; (g)–(i) shows saturation index of pore solution. 
 
 
Figure 4.8 pH value repeats the same situation. From Figure 4.9, shows an 
average porosity increase with the permeability of magnesite increase. However, Figure 
















Figure 4.10. Overall rate in different permeability 
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4.1.3. Major Anisotropy. The major anisotropy of magnesite is a basic parameter 
of dissolution rate. When magnesite percentage increase the dissolution rate is also increase. 
The following represents four typical case loads of magnesite and sand, which 
were analyzed to assess the effect of major anisotropy of magnesite for magnesite 
dissolution. Table 4.3 illustrates the basic parameters of the four cases. Although 
permeability rates were similar, major anisotropy differences due to magnesite increase 
were noted in (b)–(d).   
Figure 4.11 (a)–(d) shows the four cases the spatial distribution of magnesite and 
sand. Figure 4.11 (e)– (h) show the magnesite dissolution rate with black color in the 
column showing high reaction rate. So a higher major anisotropy of magnesite can be 
assumed because magnesite has a high reaction rate. Figure 4.11(i)–(l) shows the 
saturation index of pore solution if the value is equal to zero, which translates to an 
equilibrium condition. From left to right, the redder zone decreased. So the lower major 
anisotropy of magnesite had higher saturation, closer to equilibrium conditions. 
 
 

























a 5 1.00E-12 1.00E-13 1 1 0.099124 0.90875 
b 5 1.00E-12 1.00E-13 20 1 0.100725 0.899275 
c 5 1.00E-12 1.00E-13 50 1 0.10065 0.89935 




Figure 4.11 (a)–(d) shows 2D spatial proportions of magnesite and sand; (e)–(h) shows 
the magnesite dissolution rate; (i)–(l) represents saturation indices of pore solution. 
 
 
For Figure 4.12, shows the concentration of Mg2+ in different major anisotropy 
reactions due to presence or quantity of magnesite. With the major anisotropy of 
magnesite increase the concentration of Mg2+ also decreasing. And for Figure 4.13 pH 
value also decreased when the major anisotropy increased.  
In Figure 4.14 the average porosity increased with the major anisotropy of 
magnesite decreasing. On the contrary, in Figure 4.15. The overall rate increased with the 
















Figure 4.15. Overall rate in different major anisotropy 
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4.1.4. Minor Anisotropy. The minor anisotropy of magnesite is the last parameter 
of the basic parameter for dissolution rate. With magnesite, minor anisotropy increase as 
the dissolution rate decreases in most situations.  
The following shows four caseloads of sand and magnesite analyzed to determine 
the effect of different minor anisotropy of magnesite for magnesite dissolutions. Table 
4.4 illustrates the basic parameters of the contents of the four cases, with similar 
parameters comparable to the other figures with the same content at different 
sand/magnesite ratios, but with different minor anisotropy of magnesite.   
And Figure 4.16 (a)–(d) shows the four cases with their spatial distribution of 
magnesite and sand, as from left to right, the minor anisotropy of magnesite increases. 
Figure 4.16 (e)– (h) shows the magnesite dissolution rate, as noted from left to right. It 
easy to see that lower major anisotropy of magnesite has a higher reaction rate.  
 
 

























a 5 1.00E-12 1.00E-13 100 1 0.10195 0.89805 
b 5 1.00E-12 1.00E-13 100 20 0.101025 0.898975 
c 5 1.00E-12 1.00E-13 100 50 0.10205 0.89795 





Figure 4.16 2D spatial profiles of different minor anisotropy of magnesite: (a)-(d) show 
spatial distribution of mineral;(e)-(h) show magnesite dissolution rate, 
and (i)-(l) represent saturation indices of pore solution. 
 
 
Figure 4.16 (i)–(l) shows the saturation index of the pore solution. If the value is 
equal to zero, it indicates an equilibrium condition. From left to right, the redder zone 
decreases. So the lower minor anisotropy of magnesite has a higher saturation, and is 
closer to equilibrium conditions. 
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For Figure 4.17, shows the concentration of Mg2+ in different minor anisotropy 
of magnesite. When the minor anisotropy of magnesite increases, the concentration of 
Mg2+ also increases, but the100 mm of minor anisotropy of magnesite dissolution is 
higher than 50 mm.  
This may be because the percentage of magnesite of 100 mm and 50 mm minor 
anisotropy was a little different. The same situation holds true for Figure 4.18 pH value 
and Figure 4.19 when looking at the average porosity. 
 However, what’s different from the others is the Figure 4.20. overall rate 


















Figure 4.20. Overall rate in different minor anisotropy 
 
 
4.2. BASIC PARAMETER REGRESSION ANALYSIS 
After getting the results of the simulation, the next task was to analyze the data 
variance. The regression analysis is very meaningful. And get the results of regression 
analysis, can get more information such as the correlation coefficient, the trend of 
independent variance, and the dependent variances changing amplitude. 
 So, the regression analysis is a great method for this purpose, so a regression 
analysis of four basic parameters was used as independent variables and the overall rate 
and average porosity was used as dependent variables. 
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4.2.1. Percentage Regression Analysis. For the regression analysis of the different 
percentages of magnesite, Figure 4.21. and Figure 4.22. are under the same conditions as 
above results of percentage.  
From Figure 4.21., the overall rate increase with the percentage of magnesite 
increased and Figure 4.22 the average porosity remained in the same situation. So under 
the other conditions are same, only the percentage of magnesite different situation, the 
percentage of magnesite had a positive correlation with porosity and magnesite and for 









Figure 4.22. Porosity plot of regression analysis of partial data of different 
percentages of magnesite. 
 
 
The following Figure 4.23 and Figure 4.24 are used for all of the data of the 
thesis, Figure 4.23. shows the data points are an almost closed line of the equation. So the 
percentage is a very important element of the overall rate. And it means the percentage of 
magnesite has a very strong relationship with the overall rate. 
In Figure 4.24, the partial percentages of data are really close to the line of the 
equation, but some of the data are far away from that line. Hence, the figure illustrates 
how other parameters can have an important effect on the average of porosity. But 
compare the Figure 4.23 and Figure 4.24, easy to know the percentage of magnesite with 
overall rate correlation coefficient bigger than the percentage of magnesite with the 




Figure 4.23. Regression analysis of total data of relationship between different 




Figure 4.24. Regression analysis of total data of relationship between different 
percentages of magnesite and average porosity  
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4.2.2. Permeability Regression Analysis. The permeability is listed in Table 4.5. 
From Figure 4.25. and Figure 4.26, the overall rate has a positive correlation with the 
permeability of sand.  
 






a 1.00E-12 1.00E-13 
b 1.00E-13 1.00E-13 




Figure 4.25. Regression analysis of total data of the relationship between the different 




Figure 4.26. Regression analysis of total data of the relationship between the different 
permeability levels of sand and average porosity.  
 
 
But Figure 4.25. and Figure 4.26 the average has a negative correlation with the 
permeability of sand, because the data points are away from the line of the equation. So 
the permeability of sand has a weak correlation with overall rates and average porosity. 
For permeability of magnesite, don’t have a correlation with overall rate because 
the value of P is 0.5490, which means it is above 0.005.  
However, the permeability of magnesite has a correlation with average porosity, 





Figure 4.27. Regression analysis of total data of the relationship between the different 
permeability of magnesite and average porosity.  
 
 
4.2.3. Major Anisotropy Regression Analysis. For Figure 4.28 and Figure 4.29 
in regression analysis have the same permeability of magnesite and sand which is different 
in major anisotropy of magnesite.  
And from the two Figures, easy to know that whatever the overall rate or average 
porosity, there is a very weak correlation with major anisotropy. For overall rate has a 
positive correlation, while average porosity has a negative correlation. 
For all data herein, the major anisotropy of magnesite does not have a correlation 
with the overall rate because the value of P is 0.0311> 0.005, so the major anisotropy of 
magnesite cannot affect the overall rate. However, the major anisotropy of magnesite has 




Figure 4.28. Regression analysis of partial data of relationship between different 




Figure 4.29 Regression analysis of partial data of relationship between different major 




Figure 4.30. Regression analysis of total data of relationship between different major 
anisotropy of magnesite and average porosity 
 
 
4.2.4. Minor Anisotropy Regression Analysis. For Figure 4.31 in regression 
analysis have the same permeability of magnesite and sand, and the permeability of sand 
is greater than the permeability of magnesite and different from the minor anisotropy of 
magnesite. For minor anisotropy of magnesite in this situation is non-correlation with the 
overall rate, because the P value is 0.4232>0.005. Nevertheless, for average porosity there 
is a very weak negative correlation with minor anisotropy.  
Figure 4.32. and Figure 4.33 shows all data in the thesis and includes different 
minor anisotropy of magnesite. For two figures, both of them show most of the data 
points as being away from the line of the correlation equation. As a result, the correlation 
is very weak. Whatever average porosity or overall rate, they both have a negative 




Figure 4.31. Regression analysis of partial data of relationship between different 




Figure 4.32. Regression analysis of total data of relationship between different minor 




Figure 4.33. Regression analysis of total data of relationship between different minor 
anisotropy of magnesite and average porosity 
 
 
4.2.5. Mean and Confidence. After regression analysis, here is the mean of 
percentage of magnesite and mean of average porosity and overall rate (red points). The 
mean for each group has all same conditions. One must also calculate the confidence (green 
points) of the regression analysis equation (blue line), Figure 4.34. and Figure 4.35 show 
the almost mean to be in the 95% confidence intervals. It means the confidence level is 
very high. The Figure 4.36 and Figure 4.37 show the relation between the major anisotropy 













The Figure 4.36 and Figure 4.37. each point representing the group has all the 
same conditions. We also calculated the confidence (green points) of the regression 
analysis equation (blue line) from Figure 4.36. and Figure 4.37. These figures illustrate 
how the mean points are in the confidence intervals, which means confidence level is 
very high level. 
The Figure 4.38. and Figure 4.39 show the relation between the minor anisotropy 
and mean of average porosity and overall rate (red points). Each point represents the 
group that has all same conditions. Green points represent confidence.  
The blue line stands for the regression analysis equation. Figure 4.38. is part of 
the mean and represents confidence intervals. Figure 4.39 has mean points that are almost 
in the confidence intervals, which means the confidence level rate is higher than the 
















Figure 4.39. Mean and confidence of minor anisotropy and overall rate 
 
 
4.3. ANALYSIS OF VARIANCE 
Before analysis, single parameters are often discussed, but usually there are 
multiple variables involved. In the analysis that follows, several parameters are given for 
overall rates and average porosity.  
Table 4.5. has three different permeability levels, so in this part we analysis each 
permeability level and then analysis total data. And get the summery of the  
Because the permeability of magnesite is equal to the permeability of sand, we did 
a regression analysis for the independent variate of average porosity and overall rates. 
From Table 4.6 and the equation, for overall rate non-correlation with major anisotropy, 
stronger correlation came with an increase in the percentage of magnesite.  
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Average porosity also has a very strong correlation with percentage of magnesite. 
And, as can be expected, minor anisotropy has a negative correlation with rate and 
porosity, but the percentage of magnesite has a positive correlation with rate and 
porosity. 
 An overall rate correlation equation and average porosity equation follow: 
R=-3.40286e-7-9.68562e-10𝑥2+6.23877e-7𝑥3     (17) 
∅=35.0015-2.6511e-6𝑥1-1.83421e-6𝑥2+0.00100401𝑥3      (18) 
 
 
Table 4.6. Multivariate parameter for regression analysis of same permeability 














































In the next analysis 10 times of permeability of magnesite is equal to the 
permeability of sand. From Table 4.7 and equation, for overall rate non-correlation with 
minor anisotropy and correlation with major anisotropy is weakly negative; for 
percentage, rates are positive. 
 In average porosity, minor and major anisotropy is negative, but the correlation 
with percentage of magnesite is strongest and it is positive. For overall rate correlation, 
equation and average porosity equations follow: 
R=-2.59143e-7-4.79779e-10𝑥1+3.87576e-7𝑥3     (19) 
∅=35.0012-3.67371e-6𝑥1-3.67371e-6𝑥2+0.0019013𝑥3     (20) 
 
 
Table 4.7. Multivariate parameter for regression analysis of 10𝑘𝑚𝑔 = 𝑘𝑠𝑎𝑛𝑑  













































At permeability of magnesite is equal to 10 times the permeability of sand 
regression analysis. Table 4.8 and equations (21) and (22) cover overall rate non-
correlation with major anisotropy and positive correlation with percentage of magnesite 
and minor anisotropy.  
And average porosity has a strong correlation as a percentage of magnesite. Then 
the minor and major anisotropy has a negative correlation with rate and porosity. Overall 
rate correlation and average porosity can be calculated as follows: 
R=-3.47503e-7-1.3772e-10𝑥2+7.3347e-7𝑥3     (21) 
∅=35.0016-1.0953e-6𝑥1-1.79105e-6𝑥2+0.000553429𝑥3  (22) 
 
 
Table 4.8. Multivariate parameter for regression analysis of 𝑘𝑚𝑔 = 10𝑘𝑠𝑎𝑛𝑑  
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Finally, the regression analysis is for all data is in the thesis. Table 4.9 and 
equation covers overall rate non-correlation with the sand permeability and stronger 
correlation with percentage of magnesite, and only has a negative correlation with minor 
anisotropy while others show a positive correlation. For average porosity, one must have 
a strong correlation with percentage of magnesite. The minor and major anisotropy and 
permeability of magnesite have a negative correlation with rate and porosity. The 
percentage of magnesite and permeability of sand has a positive correlation with them. 
Overall rate correlation equation and average porosity can be written as: 
R=-3.33468e-7+40065𝑥1+3.70077e-10𝑥3-8.42368e-10𝑥4+5.81934e-7𝑥5   (23) 
∅=35.0015-1.52212e+8𝑥1+1.05799e+8𝑥2-2.60096e-6𝑥3-2.44968e-6𝑥4+0.00104478𝑥5  (24) 
 
 
Table 4.9. Multivariate parameter for regression analysis of total data 












0.0000 40065 0.0000 -13.0796 
Sand 
permeability(𝑥2) 
0.3459>0.005 -0.9428 0.0000 9.0586 
Major 
anisotropy(𝑥3) 
0.0012<0.005 3.2399 0.0000 -19.8387 
Minor 
anisotropy(𝑥4) 
0.0000 -5.1932 0.0000 -13.1585 
Percentage of 
magnesite(𝑥5) 




5. CONCLUSIONS AND RECOMMENDATIONS 
In this study, first using Petrel to simulation spatial distribution of magnesite and 
sand, then using Crunch Flow to simulate different spatial distribution of magnesite 
dissolution, final using regression models to analysis the correlation of the overall rate 
and the average porosity with different parameters: permeability of magnesite and sand, 
major anisotropy, minor anisotropy, percentage of magnesite and sand. At different 
parameter conditions, the correlation of the average porosity and the overall rate was 
slightly different. The following is a summary regression analysis of the data used in the 
thesis: 
 Percentage of magnesite (or sand) is the most important parameter for 
both the average porosity and the overall rate. It has a positive correlation 
with them. And the percentage of magnesite correlation coefficient is 
greater than another parameter of about 10 times. 
 The permeability of magnesite has a positive correlation with the overall 
rate and negative correlation with the average porosity, they are both weak 
correlation. For the overall rate, the weakest parameter is permeability of 
magnesite. The permeability of sand does not have a correlation with the 
overall rate. And for average porosity, it is negative correlation and a very 
weak parameter. 
 Major anisotropy has a positive correlation with the overall rate and 
negative correlation with the average porosity; neither provides strong 
correlation. And in some special permeability, major anisotropy does not 
correlate with the overall rate. 
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 Minor anisotropy has both negative correlation with the overall rate and 
the average porosity. And in some special permeability, minor anisotropy 
also has non-correlation with the overall rate. 
In total, the spatial distribution affects the average porosity and the overall rate. For 
this thesis, the percentage of magnesite (or sand) is the foremost parameter; next is the 
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